In this work twelve novel mixed ligand complexes were synthesized. The complexes were formed between a metal ion (Cu(II), Cd(II), Mn(II), Fe(III), Ni(II), Pb(II)) and vitamins (B 3 and B 9) as primary ligands, and glycine as secondary ligand. Melting points, conductivities, and magnetic susceptibilities of the synthesized complexes were determined and the complexes were subjected to elemental analyses. The presence of coordination water molecules in the complex was also supported by TG/ DTG thermal analysis. Full elucidation of the molecular structures for the synthesized mixed ligand complexes were confirmed using detailed spectroscopic IR, 1 H-, 13 C-NMR, and XRD techniques. In addition, cytotoxic and antioxidant activities of the twelve synthesized solid complexes were tested to evaluate their bioactivities.
Introduction
Metal ion complexes of vitamins such as vitamin B3 (nicotinic acid) and vitamin B9 (folic acid) have drawn much attention due to their biological and clinical significance [1] [2] [3] . Metal complexes can be used as therapeutic drugs to treat human diseases like carcinomas, lymphomas, diabetes, and neurological disorders, for infection control, and as anti-inflammatory compounds [4] . Stability constants of the studied complexes were determined in order to assess their potentiality as antidotes for metalpoisoning in biological system [5] [6] [7] [8] [9] . The solution chemistry of the synthesized metal complexes was recently studied in our previously published work [10] [11] [12] .
A number of studies have pointed out that the structural diversity encountered in metal-vitamin B9 complexes could be attributed to the versatile ligation behavior of the carboxylate group in folic acid (vitamin B9) which can function as a bidentate ligand binding to a single metal or alternatively as a bridging bidentate ligand coordinating to two metals or as a monodentate ligand [13] [14] [15] . There are several studies on the complexation between folic acid and di-and trivalent metal ions such as Fe(III), Cu(II) [3, 13] , Mn(II), Co(II), Ni(II) , Zn(II), Cd(II), and Hg(II) [3, 16, 17] reported in the literature. Bioactivities of the metal-folic acid complexes were also investigated [17, 18] . The interaction of nicotinic acid (vitamin B3) with divalent metal ions (Cu(II), Ni(II) , and Co(II)) were studied recently using pH-potentiometric titrations [19, 20] . Also, nicotinic acid complexes of Co(II) [20] , Cr (III) [21] [22] [23] , Cu(II) [23] , Fe(II) [24] , and Ni(II) [25] were investigated using various techniques such as pH-potentiometric titration, polarography, and UV-visible spectrophotometry. A study in 2005 [26] stated that nicotinic acid may also act as a neutral ligand, ligating the metal ion through its N atom, as found in its Cu(I) and Au(III) complexes [26] . It can also act as nicotinate anion that forms complexes with lanthanides by two carboxylate O atoms forming a four member chelate ring, thus acting as a bidentate ligand.
Furthermore, three complexes of Ag(I)-nicotinic acid were reported [26] . More recently, the interaction of Mn(II), Co(II), Ni(II) , Cu(II) and Zn(II) with nicotinic acid (NA), nitrilotriacetic acid, iminodiacetic acid, and ascorbic acid have been studied by a pH-metric technique at 0.1 mol·dm -3 (KNO 3 ) ionic strength at 302 ± 0.5 K in aqueous medium [27] .
The widespread studies reported up to now on complexation between biologically important trivalent and divalent metal ions and biological oxygen/nitrogen donor ligands such as folic acid, nicotinic acid, and glycine in solution mainly aimed at unfolding the role of metal-ligand equilibria in the proceeding of metabolic reactions [28] [29] [30] [31] [32] [33] [34] [35] . Vitamins and glycine possess biological importance. They have possible application in medicine if these therapeutic bio-ligands and other ligands are combined in one compound. There is increasing interest in the chemical modeling of transport and storage of metal ions in living systems. Considerable attention has been paid in recent years on the study of the complexation equilibria of these ligands with different metal ions. Ternary systems are better models for complicated biological systems, as the importance of ternary complexes in biochemical systems is beyond question. So it is worthwhile to assemble information on their formation, stability and structure and on the mutual influence of two ligands bound to the same metal ion. The present manuscript concerns synthesis of twelve mixed ligand complexes involving folic acid, nicotinic acid and glycine (Scheme 1). These synthesized complexes were fully characterized using detailed spectroscopic, X-ray diffraction, and thermal analysis techniques. Finally, bioactivities of the synthesized compounds were evaluated and discussed.
Experimental

Materials and Chemicals
All chemicals, reagents, and solvents used for synthesis were of analytical reagent grade and were used without further purification. Glycine (G), vitamin B9 (folic acid (FA), C 19 H 19 N 7 O 6 ) and vitamin B3 (nicotinic acid (NA) C 6 H 5 NO 2 ) (Scheme 1) were purchased from Sigma-Aldrich (Germany) with 99.0% purity. was added gradually to magnetically stirred methanol solution (20 ml) of glycine (0.750 g G). Then, to the first reaction mixture, a methanol solution (20 ml) of nicotinic acid (NA, 1.231 g) or alkaline methanol solution (20 ml) of folic acid (FA, 0.441 g) was added and stirred carefully at about o C till the reaction reached equilibrium. Then evaporation of the solvent (by placing the reaction mixture in a fume cupboard) led to the isolation of precipitated solid complex product. The solid was filtered off, washed thoroughly with water and methanol several times to remove any traces of unreacted starting materials and finally dried in a vacuum desiccator over fused CaCl 2 (yield: 35-55%).
Synthesis of Mixed Ligand Complexes
Elemental Analysis and Physical Measurements
Elemental analyses (carbon, hydrogen and nitrogen) of the mixed ligand complexes were performed on a ThermoScientific™ FLASH2000Series CHNS/O Analyzer at Precision Instrumentation Center, College of Science, National Taiwan University, Taipei, Taiwan. Melting points of all the mixed ligand complexes were determined in open glass capillaries and were recorded on a Fisher Where x is mass susceptibility per gram of sample; c is the calibration constant; R is the balance reading for the sample and tube; R 0 is the balance reading for the empty tube; M is the weight of the sample in grams. Metal content of a complex was determined by a Buck Scientifics 210VGP Atomic Absorption Spectrophotometer.
Spectroscopic Measurements
Vibration infrared spectral (IR) studies of all synthesized mixed ligand complexes were recorded on a Shimadzu FT-IR 8000 spectrophotometer using KBr disc medium in the range 400-4000 cm −1 and the spectra were collected with a resolution of 2 cm −1 with 15 scans. The 1 H NMR and 13 C NMR spectra of the mixed ligand complexes were recorded at 500 MHz on a Bruker Avance-500 spectrometer employing TMS as the internal reference to 0.0 ppm, and DMSO-d 6 as the solvent with a field gradient operating at 500.13 MHz for proton observation. The measurements were done at a probe temperature of about 298 K. Fast atomic bombardment mass spectra (FAB-MS) of the synthesized metal complexes were recorded on a JEOL SX-102 FAB mass spectrometer using 3-nitrobenzoylalcohol matrix.
X-Ray Diffraction and Thermal Measurements
Powder X-ray diffraction (XRD) pattern studies of the mixed ligand complexes were performed on a Bruker D8 advance diffractometer using Ni-filtered Cu-Kα radiation of wavelength (λ) = 1.54056 Å in the 2θ range of 10-70° with a scanning rate of 0.05°/s. The raw data was subjected to background correction and the Kα2 lines were removed using the normal stripping procedure. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the mixed ligand complexes were conducted using a Shimadzu (DSC-50 model) thermal analyzer in dynamic nitrogen atmosphere at a flow rate of 20 mL min −1 with a heating rate of 20 °C/min starting from room temperature to 1000 °C.
Bioactivities of the synthesized complexes 2.6.1 Cytotoxicity's of the synthesized metal complexes
The tumor cell lines HEp-2 (human laryngeal carcinoma), Daoy (human medulloblastoma), MCF-7 (human breast adenocarcinoma), and WiDr (human colon adenocarcinoma)) used for cytotoxic assays were cultured in RPMI-1640 medium supplemented with 5% CO 2 in an incubator at 37 °C. Cytotoxicity assays depend on the binding of methylene blue to the fixed monolayers of cells at pH 8.5. After washing the monolayer, dye is released by lowering the pH value. The control standard drug was prepared at a concentration of 150 μg/ml. The synthesized mixed ligand complex sample was prepared in a mixture of saline and DMSO with a concentration of 1 × 10 -6 mol . dm -3 at pH ~ 7. After seeding 2880 cells/well in a 96-well microplate to about 3 μl, 20 μl of sample or standard agent was placed in each well and incubated at 37 °C for 3 days. After removing the medium from the microplate, the cells were fixed with 10% formaldehyde in 0.9% saline for 30 min, and then dyed with 1% (w/v) methylene blue in 0.01 M borate-buffer (100 μl/well) for 30 min. The 96-well plate was dipped into a 0.01 M borate-buffer solution four times in order to remove the dye. Then, 100 μl/well of EtOH-0.1 M HCl (1:1) was added as a dye eluting solvent, and the absorbance was measured on a microtiter plate reader (Dynatech, MR 7000) at 650 nm. The IC 50 value was defined by a comparison with the untreated cells as the concentration of test sample resulting in 50% reduction of absorbance. Each experimental variable was run three times, and the results were expressed via mean value and standard deviation. A two-tailed P value of less than 0.05 was considered to be statistically significant.
Antioxidant activities of the synthesized metal complexes
Antiradical activities of the synthesized complex species were measured using the stable radical 2,2-diphenyl-1-picrylhydrazyl-hydrate (DPPH). All mixed ligand complex species samples were prepared in a mixture of saline and DMSO with a concentration of 1 × 10 -6 mol·dm -3 at pH ~ 7. About 50 μl of the complex species sample was placed in a 1 cm cuvette, and 2 ml of a methanolic solution of DPPH (6 × 10 −5 mol/l) was added. Absorbance was immediately measured. The decrease in absorbance at 515 nm was determined continuously with data acquisition at 2 s intervals with a spectrophotometer until the absorbance stabilized (16 min). The absorbance of the DPPH radical without antioxidant (control) was measured daily. Special care was taken to minimize the loss of free radical activity of the DPPH radical stock solution as recommended. The percent inhibition of the DPPH radical by gallic acid (GA) and tested compounds was calculated according to the formula:
Where A C (0) is the absorbance of the control at t = 0 and A A(t) is the absorbance of the reaction solution at t = 16 min. Each experimental variable was run three times, and the results were expressed via mean value and standard deviation. A two-tailed P value of less than 0.05 was considered to be statistically significant.
Statistical analysis
The above experimental measurements used for quantitative analysis were repeated at least three times. The experimental data were analyzed by a parametric T test (two tailed), and P values (calculated probability) less than 0.05 were considered to be statistically significant. When more than two experimental sets were analyzed, an ANOVA test with the SPSS 17.0 statistical package was also used to evaluate the statistical significance.
Results and Discussion
Physical properties of the synthesized complexes
Vitamins (nicotinic acid (NA) and folic acid (FA)) and a glycine peptide unit (G), as well as their Cu(II), Ni(II), Fe(III), Pb(II), Cd(II), and Mn(II) mixed ligand complexes were subjected to elemental analysis. Physico-chemical analytical data of elemental analyses, metal ion percentage with empirical molecular formula, colors, melting points, conductivities, and magnetic susceptibility are summarized in Table 1 [20, 36] and providing a method for testing the degree of ionization of the complexes. The observed decreasing in the electrolytic nature of the mixed ligand complexes is due to the presence of chloride or nitrate ion inside the coordination sphere, which is strongly supported by the elemental analysis data [37] [38] [39] . The absence or presence of chloride ions inside or outside the coordination sphere of Cu(II), Cd(II), and Mn(II)) mixed ligand complexes was detected by adding a few drops of saturated of silver nitrate (AgNO 3 ) reagent leading to the formation of white precipitate [37] [38] [39] .
The magnetic susceptibilities (µ effe ) of the Cu(II), Ni(II), Fe(III), Pb(II), Cd(II), and Mn(II) mixed ligand complexes at room temperature were found to be consistent with low spin distorted octahedral structures [40] [41] [42] [43] [44] [45] [46] [47] [48] 
Structural properties of the synthesized complexes
Elucidation of the molecular structures of the synthesized mixed ligand complexes were confirmed by detailed spectroscopic IR and XRD techniques. The synthesized metal ions mixed vitamin/glycine complexes were found to be stable at room temperature. They have different colors and are partially soluble in D 2 O, soluble in DMSO and DMF solvents.
Attempts were made to obtain suitable crystals for single X-ray crystallography. Only one (copper -nicotinic -glycine complex crystal nodules) was obtained. Therefore, the proposed coordination modes of the resulted complexes are dependent on the routine spectral analysis.
Essential infrared vibrational spectroscopic frequencies of the synthesized mixed ligand complexes data are summarized in Tables 2 and 3 . Infrared spectral absorption patterns of these mixed ligand complexes are shown in appendixes S1-S12.
Careful inspection of the IR spectra of free NA, 49, 50] , and their mixed ligand complexes was performed in order to facilitate the assignment of these bands in the free ligand and its metal mixed ligand complexes as per the following: 1. The strong-to-broad bands for all synthesized complexes existing in the region ca. 3000-3300 cm −1 were assigned to the δ(OH) vibrations of water molecules in all metal complexes. 2. The vibration spectra of ν(NH) in the amide group in free NA appeared at 3375 and 3175 cm −1 , respectively. These stretching bands of the amide group in the Cu(II), Ni(II), Fe(III), Pb(II), Cd(II), and Mn(II) mixed ligand complexes were split and appeared in the 3344-3648 cm −1 region at near or higher wavenumber than comparative bands in the free NA because of hydrogen bonding [21-25, 49,50] . 3. The stretching band of the amide carbonyl group, ν s (C=O) in the free NA was observed at 1718 cm −1 , and located in the range 1698 to 1718 cm −1 for different Cu(II), Ni(II), Fe(III), Pb(II), Cd(II), and Mn(II) mixed ligand complexes. The binding of amide and carbonyl compounds towards metal ions resulted in a significant blue shift in the frequency of carbonyl group [21-25, 49,50] . and 1484 cm −1 were distorted in the spectra of metal complexes indicating that pyridine nitrogen is coordinated. The low intensity bands in the region of 550-400 cm −1 were assigned to 49, 50] . The infrared spectra of hydrated complexes have broad bands overlapped with the stretching vibration bands of NH 2 of amide groups [21] [22] [23] [24] [25] 49 ,50]. 6. Folic acid exhibits a very strong absorption band at 1650 cm −1 due to the stretching vibration of ν(C=O) of the free ketonic of the carboxylic group. This group shifted or disappeared in the spectra of its complexes [21] [22] [23] [24] [25] 49, 50] [21] [22] [23] [24] [25] [26] [27] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] , and appendices S13 to S18, the comparison between peaks of the free ligands and their complexes showed a clear blue shift in the assignment values of protons and carbons because of the mixed ligand complex formation [62, 63] (Scheme 2). X-ray powder diffraction patterns (appendixes S19-S30) in the range of 4° < 2θ < 80° for the synthesized mixed ligand complexes were recorded in order to understand the lattice dynamics of the resulted complexes. X-ray diffraction powder patterns show that all the synthesized complexes have a crystalline structure. Only Mn(II) and Ni(II) complexes show evidence of formation of isomorphous compounds. The crystallinity of these complexes follows the order: Cu(II) > Fe(III) > Cd(II) > Pb(II) > Mn(II) > Ni(II). The pattern shows narrow reflections indicating that the samples are highly crystalline. The difference in the crystallinity of these complexes must be due to the precipitation conditions, which were not controlled.
Thermal properties of the synthesized complexes
Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DrTGA) of free ligands NA, FA and G were reported previously [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] 
Bioactivities of the synthesized complexes 3.4.1 Cytotoxicity's of the synthesized metal complexes
Some vitamins are efficient anti-proliferative and cytotoxic agents and their effect on healthy cells is reversible upon drug removal. Several metal ion complexes were studied seeking the cytotoxic activities, under the hypothesis that endogenous metal ions may be less toxic than the known metal complexes used as anticancer drugs, such as cisplatin [64] [65] [66] [67] . From the results obtained (Table 5) , it is possible to conclude that the nature of the vitamin ligands (e.g., the number of N atoms), the characteristics of the leaving groups at some metal ions, the number and coordination mode of the metal ions, and the chemical environment, determine the bioactivities of the synthesized complexes, most probably through inducing DNA structural rearrangements. Thus the design of new, more effective bioactive drugs should be governed by these crucial factors since slight changes in metal coordination are sufficient to significantly change the in vitro antiproliferative and/ or cytotoxic properties of these complexes (appendix S34). Among the complex species tested against the four human cancer cell lines (HEp-2 human laryngeal carcinoma, Daoy human medulloblastoma, MCF-7 human breast adenocarcinoma, and WiDr human colon adenocarcinoma), chromium complexes of NA and FA showed weak cytotoxic activities. It was observed that all mixed ligand complexes of vitamins exhibited moderate cytotoxic activities against the four cancer cell lines, with the exception of the lead complex species which showed weak cytotoxic activity (Table 5) .
Antioxidant activities of the synthesized metal complexes
Antioxidant activity is one of the important standard assays in pharmaceutical science to examine the potency of a compound to inhibit the formation of free radicals. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) is a popular "stable free-radical" for antioxidant assay. DPPH has an unpaired electron at one atom of nitrogen bridge. The active DPPH radical has a strong absorption band at 517 nm and a violet color in solution [68, 69] . The inactivation or neutralization of DPPH by antioxidants causes the band at 517 nm to decrease and the solution color becomes pale yellow as shown below in Scheme 3 [68, 69] .
It was known that metal ions play crucial role in various enzymes that catalyze oxidation/reduction reactions correlated with the antioxidant system of the organism concerned (appendix S35). However, different behaviors depend on the chemical environment and the nature of the chelating agent. In the present work, most metal complexes of NA and FA showed moderate antioxidant activity, while cadmium and lead complexes of both vitamins exhibited weak antioxidant activities ( Table 6 ). The increase in inhibition of the synthesized ternary complexes is probably related to the formation of the chelate complex. 
